Potential forest growth predicted by the Physiological Principles in Predicting Growth (3-PG) model was compared for forest and deforested areas in the Legal Amazon to assess potential differing regeneration associated with climate. Historical deforestation and regeneration have occurred in environmentally marginal areas that influence regional carbon sequestration estimates. Effects of El Niño-induced drought further reduce simulated production by decreasing soil water availability in areas with shallow soils and high transpiration potential. The model was calibrated through comparison of literature biomass and with satellite-based estimates. Net primary productivity (NPP) for mature Amazonian forests from the 3-PG model was positively correlated (r 2 ‫ס‬ 0.77) with a Moderate Resolution Imaging Spectroradiometer (MODIS)-derived algorithm, though with some bias. Annual total NPP for the study area using a 1961-90 average climatology was 4.6 Pg C yr −1 , which decreased to 4.2 Pg C yr −1 when simulated with climate from the severe 1997/98 El Niño event. From a regional analysis, results showed that biomass accumulation is almost entirely controlled by the availability of soil water. Also, areas currently forested in the eastern Amazon are more sensitive to extreme El Niño-induced drought than southern areas with the greatest deforestation extent.
Introduction
Forests in the Brazilian Amazon basin are cleared for a variety of purposes, ranging from small-scale agriculture to vast cattle grazing. Studies using satellite imagery report that on the order of 10 000 to 30 000 km 2 are cleared in the Brazilian Amazon basin each year, releasing 0.1-0.3 Pg C (1 Pg ‫ס‬ 1 × 10 15 g) per year (Skole and Tucker 1993; Houghton et al. 2000) . However, cleared land utilized for agriculture generally depletes nutrient stores, particularly phosphorus, slowing regeneration by woody species from 5 to 20 yr following abandonment (Fearnside and Guimarães 1996; Müller et al. 2004) . Woody plant regeneration on abandoned land is important for regional carbon budgets as uptake of carbon dioxide from the atmosphere by these forests regrowing is estimated to account for 0.06 Pg C yr −1 over the last two decades (Houghton et al. 2000; Hirsch et al. 2004) .
Though less dramatic than the sudden release of carbon from deforestation, regrowing forest can accumulate aboveground biomass at a rate of 5.0 to 10.0 Mg of dry matter per hectare (1 ha ‫ס‬ 10 000 m 2 ) per year (Uhl et al. 1988; Brown and Lugo 1990) , equivalent to roughly 2.5 to 5.0 Mg of carbon. Earlier studies suggest that the current annual carbon uptake by regrowing forests is small relative to deforestation loss to the atmosphere but that this rate will increase as more land is abandoned in the future (Salimon and Brown 2000; Fearnside and Guimarães 1996) .
Previous simulation studies indicate that climatic factors such as radiation, precipitation, temperature, and available soil moisture are important predictors of primary production in tropical forests (Raich et al. 1991; Potter et al. 1998; Tian et al. 1998; Asner et al. 2000; Running et al. 2004) . During El Niño events, precipitation is reduced along a west-east gradient with associated decreases in runoff and soil water storage (Zeng 1999) . Forests are impacted most by soil moisture depletion (Potter et al. 2001) ; however, deep rooting by Amazonian forests mitigate drought stress by providing access to stored soil water in some areas (Nepstad et al. 1994; Potter et al. 1998) . Few simulation studies have investigated regional patterns in above-and belowground allocation associated with large-scale climate patterns. Since deforestation in the Amazon basin has been concentrated in the seasonally dry south and east, we explore whether forest regrowth in the "arc of deforestation" may be more vulnerable than other parts of the basin to climatic constraints, particularly moisture stress.
The forest model Physiological Principles in Predicting Growth (3-PG; Landsberg and Waring 1997) is utilized here to examine environmental controls on productivity. This model estimates production, biomass accumulation, and allocation from climate and soil factors as a "bottom-up" approach. Simulated production values are compared to Moderate Resolution Imaging Spectroradiometer (MODIS) net primary productivity (NPP)-derived values from Running et al. (Running et al. 2004) , which are inferred from satellite data as a function of observed solar radiation absorption as a "top-down" approach. El Niño-induced climatic shifts decrease production in the Amazon basin through pervasive drought (Fearnside 1995; Tian et al. 1998; Asner et al. 2000) and are simulated here for the severe 1997/98 El Niño event. Deforestation maps are utilized to separate areas into deforested and forested categories for analysis to assess spatial variability in production, physiological controls of growth, and climate impacts associated with location and disturbance.
Methods

Description of the 3-PG model
The 3-PG model is based on simplified relationships of plant interaction with climate and soil and has been shown to accurately predict production biomass at a variety of scales (cf. Coops et al. 1998; White et al. 2000) . In this model, production is primarily driven by the absorption and "utilization" of incident radiation. Photosynthetically active radiation ( p. ) is estimated from shortwave radiation assuming that 50% of this radiation was in the photosynthetically active radiation (PAR) range (McCree 1972) and absorbed photosynthetically active radiation (APAR; p.a. ) is derived from Beer's law. The leaf area index (LAI) used to calculate p.a. is derived from the amount of foliage biomass present at the end of each month (a balance between new foliar growth and fixed leaf litterfall). Updated leaf biomass values are multiplied by specific leaf area (SLA) to derive a new monthly LAI value.
The utilized portion of absorbed APAR ( p.a.u. ) is obtained by reducing p.a. by a series of physiological modifiers derived from environmental constraints that represent partial to complete stomatal closure with modifiers ranging between 0 and 1 (see Landsberg 1986; McMurtrie et al.1994; Runyon et al. 1994) . The environmental factors include average air temperature [f(T)], mean daytime atmospheric vapor pressure deficit [f(VPD)], soil water availability [f(SW)], stand age, and site fertility. Volumetric soil water content balance (r ) is calculated as the difference between total monthly rainfall and evapotranspiration losses plus storage. The f(SW) is calculated from
where m and n are coefficients representing the soil water potential change to different textural classes (Landsberg and Waring 1997) . Incoming precipitation is either intercepted by foliage or is added to the soil water. Intercepted precipitation is assumed to be evaporated, and therefore lost from the system. Soil is treated as a single unit with plant accessibility to all water for the assumed soil depth. Soil water budgets are calculated as the net amount of nonintercepted precipitation minus transpiration estimated by the Penman-Monteith equation. Each month, the fraction of p.a. actually utilized ( p.a.u. ) is determined by the most limiting environmental variable. Gross primary production (GPP) is calculated by multiplying p.a.u. by a canopy quantum efficiency coefficient (␣ c ) derived from literature or observed values. The major generalization of 3-PG is that NPP in forests is a fixed fraction of GPP and is set at 0.45 (Landsberg and Waring 1997; Waring et al. 1998) .
The model partitions NPP into root and aboveground foliage and stem mass. The fraction of total NPP allocated to root growth increases from 0.2 to 0.8 as the ratio p.a.u. / p.a. decreases from 1.0 to 0.2. Remaining biomass is assigned to stems based on the following allometric relationship:
where W s is stem mass, fs 2cm is the partitioning ratio of foliage and stems at a diameter at breast height (DBH) of 2 cm, and DBH avg is the stand average DBH calculated monthly. The coefficient c is derived from
where fs 20cm is the foliage to stem partition when the DBH of a tree is 20 cm. Aboveground biomass accumulation (ABA) is the net amount of W s over a given simulation time. Foliage mass is calculated as the remainder of NPP after allocation to roots and stems.
Initial model parameters
As the 3-PG model was originally developed for plantation forests, initial values for 3-PG parameters were extracted from the primary literature to characterize a generic tropical species (Table 1) . Parameters modified from the original model for these simulations are grouped into three classes: allometry, physiology, and biomass turnover. Initial stand tree density, stem/DBH relationships, SLA, and proportion of bark and branch biomass of stems were based on field studies recently conducted in Amazonia (Nepstad et al. 2002; Laurence et al. 1999; Chambers et al. 2000) . Initial parameter values include maximum leaf turnover that was set at 0.9 yr −1 , and partitioning between leaves and stem set to 1:1, in order to reproduce the general range of LAI values observed across the Amazon (Honzak et al. 1996; Saldarriaga and Luxmoore 1991) . The root turnover rate was set to 0.02 yr −1 and includes fine and coarse roots, with coarse roots contributing the most biomass and therefore controlling turnover rate (Nepstad et al. 1994) . A broad temperature growth range was selected with a minimum of 5°C, a maximum of 40°C, and an optimum of 27°C based on the climatic conditions commonly occurring in tropical forests (Eamus 1999) . Stomatal closure due to vapor pressure deficit [f(VPD)] is modeled in 3-PG as a negative exponential function [i.e., f(VPD) ‫ס‬ e −k*VPD ]. The exponential coefficient (k) determines the model's sensitivity to VPD. In these simulations k was assigned a value 0.0125 per kilopascal, or one-quarter of the default value of 0.05 (Landsberg and Waring 1997) , similar to values measured for tropical trees (Granier et al. 1996) . This lower VPD coefficient shifted dominance of physiological control of growth to soil moisture. Physiological parameter values for tropical tree species, including canopy quantum efficiency (␣ c ‫ס‬ 0.033 mol C mol photons −1 ) and specific leaf area were obtained from Carswell et al. (2000) . In the analysis, Pearson's correlation coefficients were calculated for simulated NPP, ABA, all physiological modifiers, and solar radiation to assess influence of these environmental factors on forest growth.
Climate data
Our study area is the Legal Amazon defined here by Potter and Brooks-Genovese (Potter and Brooks-Genovese 2003) for which all final carbon budget values are calculated. The Legal Amazon includes the Brazilian states of Acre, Amapá, Amazonas, Pará, Rondônia, Roraima, Mato Grosso, Maranhão, and Tocantins (IBGE 1991) . Temperature and precipitation data were derived from the 1961-90 East Anglia Climatic Research Unit (CRU) 0.5°× 0.5°global monthly averaged climatology (New et al. 1999) , available through the Intergovernmental Panel on Climate Change (IPCC) at their Web site (http://ipcc-ddc.cru.uea.ac.uk). These data were averaged for the entire record period to derive 12 monthly climate input grids of maximum and minimum temperature and precipitation for the 3-PG simulation. Radiation data were derived from monthly averages of Dr. Rachel Pinker's 1990-92 surface shortwave radiation dataset (Pinker and Laszlo 1992) . These radiation data, produced as part of the National Oceanic and Atmospheric Admin- Nepstad et al. (2002) istration/National Aeronautics and Space Administration (NOAA/NASA) Pathfinder project, also have a scale of 0.5°× 0.5°and are provided as part of the NASA Large-Scale Biosphere-Atmosphere (LBA) project. VPD was calculated from the minimum and maximum temperatures based on the equations of Murray (1967) . To determine the reliability of this method, data from the Anglo-Brazilian Amazonian Climate Observation Study (ABRACOS) micrometeorology dataset from 1993 for the Reserva Jaru, near the Ji-Parana, Rondônia, forest site (approximately 11°S, 62°W; Gash and Nobre 1997) were compared with the CRU-derived values. ABRACOS data from April through October had VPD values ranging from 0.73 to 1.56 kPa compared to CRUcalculated values that ranged from 1.08 to 1.42 kPa. Seasonal trends were also similar, with both observed and modeled values from the increasing equivalently from the wet to dry season (Figure 1 ).
Soil texture
The 3-PG model requires soil texture information to calculate f(SW). We used previously derived soil texture categories (Potter et al. 1998 ) to initialize the soil texture categories (clay, clay-loam, sandy loam, and sand) needed for the 3-PG model, which required some interpretation as original texture categories were based on clay content alone (FAO/UNESCO 1971) . During the runtime of the 3-PG model, the m and n parameters important in the f(SW) calculation were changed dynamically for each grid cell based on the mapped soil texture with parameter values derived from Landsberg and Waring (1997) .
Model comparison with MODIS NPP data
Annual global NPP values from 2000 to 2003 at a 1-km scale have been developed (Running et al. 2004; Zhao et al. 2005 ) from algorithms developed for the MODIS sensor. GPP is estimated from MODIS based on conversion of absorbed photosynthetically active radiation into carbon uptake modified by surface meteorological conditions suitable for photosynthesis. Gridded meteorological data such as temperature, vapor pressure deficit, and radiation are provided by the NASA Data Assimilation Office (DAO; http://polar.gsfc.nasa.gov/index.php; Atlas and Lucchesi 2000) . From MODIS spectral data, GPP is estimated every 8 days. NPP is derived from GPP by subtracting autotrophic respiration of leaves, roots, and stems for different cover types as a function of biomass and temperature. Annual NPP is calculated as the summed value of NPP for a given year. Final annual NPP data are publicly available from the Numerical Terradynamics Simulation Group at the University of Montana's Web site (http://www.ntsg.umt.edu/) from which data were obtained for this study. Model accuracy was assessed by linear regression analysis of the 3-PG simulation at 100 yr and MODIS NPP for 40 random, undisturbed forest points. The 100-yr age limit was selected because modeled carbon accumulation in forests increases slowly beyond this age (White et al. 2000) and represents the average mature forest accumulation rate in tropical forests (Guariguata and Ostertag 2001) . Comparison of the NPP estimates involved extracting the maximum value within a 63 × 63 pixel window from the 2000-03 MODIS data. The window size was selected to scale the 1-km spatial resolution of the MODIS data to the 0.5°r esolution of the data utilized for the 3-PG simulations. Previous research has shown that 3-PG models maximum site production (Coops et al. 1998) ; therefore, selection of the maximum MODIS NPP values over the 4-yr period was assumed to represent equivalent maximum production.
El Niño scenario
In 1997/98, the Amazon basin experienced perhaps the strongest El Niño-Southern Oscillation event of the twentieth century (Williamson et al. 2000; McPhaden 1999) , causing decreased rainfall during the wet season and extending the dry season in much of the Amazon basin. To assess the impact of El Niñoinduced drought on potentially regenerating forests in the Amazon, NPP was simulated with 3-PG for 20 yr utilizing 1) CRU monthly averaged climate from 1961 to 1990 and 2) monthly averaged climate from 1997 to 1998 (New et al. 1999) . The simulations were not intended to assess true El Niño events but rather the influence of El Niño-related drought on forests. The two scenarios were assessed by calculating the following:
where NPP elniño is NPP at year 20 in each grid cell, using the 1997/98 data, and NPP 61-90 is NPP using the average climatology for 1961-90.
To study the impact of rooting depth on production using 3-PG, we reran all model scenarios increasing soil depth to 5 m from the base run value of 2 m. The 3-PG model does not consider the impact of seasonal flooding on productivity (i.e., we are simulating "terra firme" forests). Values of NPP ⌬en were recalculated from these simulations to assess combined effects of climate and plant water availability.
Comparison of deforested and forested areas
Deforested and undisturbed forested areas within the Legal Amazon were mapped from 1992 data with 8-km resolution data obtained from the Tropical Rain Forest Information Center (TRFIC) located at Michigan State University (http:// www.globalchange.msu.edu/trfic/). A geographical mask of these data was applied to limit analysis to the Legal Amazon (Potter and Brooks-Genovese 2003) . These data were projected to a geographic projection with a 0.5°ground resolution where any pixel mapped as deforested at the 8-km scale was also designated as a deforested pixel at the 0.5°resolution. The purpose of this process was to identify pixels affected by disturbance rather than to quantify area.
Utilizing the TRFIC deforestation GIS data layer for 1992, 80 random sample points were extracted from the 3-PG-simulated NPP and root allocation outputs for 20 yr with 40 points in the deforested and forested areas, respectively. Also, 80 random data points were extracted from the NPP ⌬en for deforested and forested areas to compare impacts of El Niño and soil depth on forest productivity. All statistical analyses such as linear regression and analysis of variance (ANOVA) assume that ␣ is equal to 0.05 utilizing SPSS software (SPSS, Inc., Chicago, Illinois).
Results
Environmental controls of forest production
Pearson's coefficient for correlation values between ABA after 20 yr with climate variables and model physiological modifiers are shown in Table 2 . The factor most responsible for aboveground biomass accumulation variability across the study area is soil moisture availability (Table 2; Figure 2 ). However, 3-PG predicts no difference in ABA with soil texture despite the difference in hydraulic properties of different texture classes in 3-PG. Only in locations where soil water is not limiting, generally with annual rainfall greater than 2000 mm, do other factors begin to control biomass variability. Under conditions with no moisture limitation, radiation is highly correlated with predicted aboveground biomass (Figure 3 ).
Spatial variability of forest production
The output of simulations of NPP at 20 and 100 yr were mapped representing the potential production of regenerating and mature forests, respectively. NPP after 20 simulation years and 2-m rooting depth is shown in Figure 4 (units are Mg dry matter ha −1 yr −1 ). The total NPP for the study region is 9.2 Pg of dry matter, or 4.6 Pg C yr −1 , assuming a forest carbon content of 50%. The NPP pattern after 100 yr of growth is nearly identical, though slightly lower than the value for 20 yr of growth as the 3-PG model accounts for reduction in stomatal conductance associated with older trees.
The predicted ABA in the Brazilian Amazon basin after 20 yr of simulation (representing forest regeneration) clearly decreases from north to south ( Figure 5 ). The maximum predicted aboveground biomass is 174 Mg of dry matter per hectare (Mg DM ha −1 ‫ס‬ 1 × 10 6 gDM ∼5 × 10 5 g C) with a mean value of 102 Mg DM ha −1 . Predicted total biomass at 20 yr has a spatial pattern similar to NPP, with maximum biomass of 272 Mg DM ha −1 , and mean of Mg DM ha −1 . For comparison to 20 yr ABA, we include a map ( Figure 6 ) of aboveground forest biomass after 100 yr of regrowth, when forest biomass may be approaching mature forest values (Guariguata and Ostertag 2001) . The pattern is very similar to the 20-yr simulation, with high values in the northwest, and lower values in the central and southeastern portions of the basin. The maximum predicted ABA is 690 Mg DM ha −1 (equivalent 345 Mg C ha −1 , assuming that forests are 50% carbon), with a mean of 435 Mg DM ha −1 and standard deviation of 165 Mg DM ha −1 . Soil depth influences NPP differently for deforested and forested areas (Table  3 ). In model simulations with 2-m soil depths, NPP values are significantly exaggerated between deforested and forested areas, but not with 5-m soil depth simulations. However, only forested areas have different simulated NPP when compared between 2-and 5-m soil depths. Root allocation under all conditions was not different. Figure 7 shows the ratio of ABA after 20 yr for 5-2-m soil depth simulations. The root/shoot ratio across the basin reflects the dynamic allocation between aboveground and belowground components as a function of productivity. As a result, the root fraction of total biomass is much higher in stands with productivity constraints and lower biomass (Figure 8 ). Assumed soil depth and plant water availability also influence root partitioning. This shows that root partitioning varies spatially with more biomass allocated to roots in the southern region under an assumed 2-m soil depth. In central regions, root partitioning was greater with 2-m soil depth. However, point comparisons reveal no significant difference in root allocation for any simulation comparisons (Table 3) .
Comparison with MODIS NPP data
Simulated NPP at 100 yr compared favorably to maximum MODIS NPP data from 2000 to 2003 (Running et al. 2004 ) with high positive correlation (r 2 ‫ס‬ 0.77; Figure 9 ). Values were related 1:1, indicating accurate scaling of NPP across the basin. However, the 3-PG model overestimates NPP by an average 1.0 Mg C ha −1 yr −1 (p < 0.05) when compared with the MODIS-derived NPP. Further analysis of the MODIS productivity data for 2000-03 also indicates a basin average NPP:GPP of 0.47, slightly higher than the 0.45 value utilized in the 3-PG simulations.
The impact of El Niño-induced drought
The drought simulated utilizing the 1997/98 El Niño climate data with a 2-m rooting depth had the largest impact on predicted total basin NPP, reducing the value to 4.2 Pg C yr −1 . The simulated impact of El Niño-induced drought was less severe for a 5-m-deep soil, reducing NPP to 4.4 Pg C yr −1 relative to the average climate simulations. The results of the ANOVA for NPP ⌬en values showed that rooting depth does not affect simulated NPP between El Niño drought and average climate years. Significant differences were found in NPP ⌬en between deforested and forested areas for 5-m soil depth simulations in which NPP is reduced under the El Niño drought scenario (p < 0.05; Table 3 ). This is due to the central forested region having only small differences in NPP relative to deforested regions to the southeast. Figures 10a and 10b illustrate the spatial variability of NPP ⌬en , shown as a percentage, for 2-and 5-m soil depth simulations. Drought influences productivity as a gradient with eastern forests affected most. 
Discussion
Environmental drivers
Temperature, especially monthly maximum temperature, varies little across the Amazon in the CRU 1961-90 climatology and has values close to the optimal temperature for plant growth in 3-PG. VPD potentially influences productivity in the basin because simulated VPD can exceed 2 kPa in some areas. However, the Pearson's correlation analysis did not show a large reduction in production ( Table  2) . Recent measurements from the ABRACOS campaign suggest that the relationship between stomatal conductance and VPD may be linear throughout the entire range of VPD (Roberts et al. 1996) rather than as an exponential function represented currently in 3-PG. Broadly, absorbed solar radiation is limiting in the Amazonian environment because of self-shading within canopies as a function of high LAI development and cloudiness associated with extreme rainfall amounts (Churkina and Running 1998; Running et al. 2004 mm yr −1 , radiation limits ABA as a result of persistent cloudiness and reduced solar radiation flux. Our application of 3-PG identifies the overwhelming role of soil water represented by the f(SW) in controling NPP and aboveground biomass accumulation in the basin, and is consistent with previous studies stating that variability in Amazon rainfall can have significant impacts on the global carbon budget through altered forest productivity. While it is counterintuitive that biomass accumulation should be limited by water availability in the rain forests of the Amazon, precipitation across the basin is very seasonal, so that soil moisture depletion occurs during the dry season (roughly June-October), especially south of the Amazon River. Figure  11 shows the fraction of total rainfall that falls during the months of June-October across the basin. Although June-October represents 42% of the year, dry season precipitation in much of the basin represents less than 20% of total annual rainfall. As the length of the dry season is inversely related to stem density broadly across the Amazon forest (Mahli et al. 2002) , it therefore influences stand biomass, self-thinning, and coarse woody debris accumulation.
Combined patterns of precipitation and soil depth influence soil moisture controls on plant production. In 3-PG, soil moisture stress is affected by precipitation inputs and soil depth. For example, low precipitation and deep soils result in low f(SW) and production as less water fills a larger soil volume. The mapped ratio of ABA between 5-and 2-m simulations (Figure 7) illustrates this effect where southern regions of the Amazon, which are most impacted by deforestation, have lower production if soils are deep. This is in contrast to central Amazon, where deeper soils result in greater productivity and similar to results by Potter et al. (Potter et al. 2001) . Soil depth in this region that increases soil water reservoirs accumulated during the wet season. However, recent observations of seasonal soil moisture in Pará by Goulden et al. (Goulden et al. 2004) show that most water uptake by trees appears to be derived from the soil horizon < 2 m. One conclusion that could be drawn from these results is that long-term measurements of soil moisture are important for a mechanistic interpretation of production response to climate variation both spatially and temporally (Jipp et al. 1998; Hodnett et al. 1996) . Rooting depth has been identified as an important factor in determining the length of the growing season in the Amazon (Nepstad et al. 1994) . Forests that might be expected to shed their leaves based on soil water availability in the top meter or two continue to grow because of deep rooting. In some areas in the southern portion of the basin, ABA can be enhanced by 50% of this change. Because simulated biomass accumulation is sensitive to soil depth in areas with limited soil water availability, quantifying forest access to stored soil water as a function of climate and forest age would improve the reliability of forest carbon budget simulations. The 3-PG simulations also suggest that current deforestation, which occurs primarily along the arc of deforestation in the Amazonian states of Para, Mato Grosso, and Rondônia, is taking place in the forests most exposed to soil moisture stress during the dry season and is thus least resilient to disturbance (Table 3) . This stress may only occur on shallow soils sites as deforested simulations with deep soils were not different from forested sites. This is because shallow soils hold less water and are depleted faster through evapotranspiration. An interesting finding for these simulations is the lack of root allocation difference within the basin. While other factors such as nutrient exploitation may induce greater root growth, soil water and other climate drivers do not inherently change modeled allocation patterns appreciably.
Soil nutrients were not included in these simulations because continuous data do not exist at an appropriate scale and accuracy for the basin. Soil nutrient properties may vary spatially on the scale of meters, while gridded soil data have a spatial resolution of kilometers at best. Laurence et al. (Laurence et al. 1999) suggest that soil fertility can explain a significant proportion of biomass variability on heavily weathered Amazon soils. However, the range of biomass values on low to high fertility sites are very similar (Mahli et al. 2002) , indicating that inclusion of soil nutrient information for productivity modeling in the Amazon may improve site accuracy with a limited affect on regional average predictions.
Comparison of forest production estimates
Spatially explicit applications of models such as Carnegie-Ames-Stanford Approach (CASA) (Potter et al. 1998 (Potter et al. , 2001 Asner et al. 2000) , Terrestrial Ecosystem Model (TEM) (Tian et al. 1998) , or 3-PG (Hirsch et al. 2004 ) help identify mechanisms that cause observed interannual variability in the atmospheric carbon burden. The 3-PG-simulated values of NPP values are comparable to the results presented in Potter et al. (Potter et al. 1998 ), though the maximum 3-PG NPP is slightly higher than the maximum NASA-CASA NPP (18 versus 14 Mg C ha −1 yr −1 ). This is similar to the results presented by Tian et al. (Tian et al. 1998) , who found a range of 3.8-5.1 Pg C yr −1 from 1980 to 1994 for NPP in their "climateonly" scenarios (3-PG does not include the impact of CO 2 "fertilization"). Total NPP is also similar to the results of Asner et al. (Asner et al. 2000) , who calculated a range of about 4.2 to 4.8 Pg C yr −1 from 1982 to 1993.
Likewise, ABA estimates for young and mature stands are comparable with published results. Young stands, defined here as the 20-yr 3-PG simulations, had mean a value of 123 (±52) Mg DM ha −1 . Global secondary tropical forests ABA may range from 50 to 200 Mg DM ha −1 (Brown and Lugo 1990; Feldpausch et al. 2004) . Mature stands, defined as 100-yr simulations, had mean ABA values 435 (±165) Mg DM ha −1 , which are higher than observed average values of 318 (±11) Mg DM ha −1 reported by Baker et al. (Baker et al. 2004) for 59 forest plots. However, the plots utilized in that particular study included many sites from the upper drainage that are beyond the boundaries of the Legal Amazon.
Comparison with MODIS data
Initial comparison of 3-PG NPP with Running et al. (Running et al. 2004) annual MODIS NPP data showed that analysis of individual years had poor correspondence. However, high correlation was found when compared with maximum values from 2000-03 MODIS NPP data. This confirms that 3-PG models maximum potential production rather than actual yield for a specific time frame (Coops et al. 1998) . Also, considerable variation was observed in the MODIS NPP data around the comparison sites representing local-scale variation in soil and vegetation canopy condition characteristics. This variation demonstrates that the MODISderived NPP product responds to environmental drivers at an annual time step.
Large production differences exist along the southern boundary of the Amazon as a function of climate and deforestation patterns, which are observable from space. The MODIS NPP data represent actual conditions of the forest integrating changes in canopy condition related to seasonal climate cycles and disturbance. Average MODIS NPP values for each of the 2000-03 dataset years with pooled means and standard errors for forested areas and deforested are 17.6 (±0.2) and 9.7 (±0.4) Mg C ha −1 , respectively. The deforested value of 9.7 Mg C ha −1 is considerably lower than the 3-PG value of 14.6 Mg C ha −1 at 20 yr. The difference between the 3-PG values at 20 yr and MODIS NPP in deforested areas is due to delayed natural reforestation. The 3-PG model does not include the temporal aspects of deforestation and subsequent land-use changes such as cattle ranching. Reforestation on pastures is soil limited because of increased soil bulk density, reduced nitrogen mineralization, and leached phosphorus as a function of livestock activity (Müller et al. 2004) . The issue of soil and nutrient availability remains as a major research need for refinement of modeling in this region, particularly limited by the availability of spatial data and nutrient uptake studies by tropical species.
Both 3-PG and the MODIS NPP algorithms are climate-driven models that differ in their representation of carbon assimilation and allocation. For 3-PG, the NPP:GPP is assumed constant whereas the MODIS NPP algorithm varies autotrophic respiration by temperature and biomass. The constant NPP:GPP rela-tionship forwarded by Landsberg and Waring (1997) in the 3-PG model has generated debate over its applicability across ecosystems. However, the average value of 0.47 derived from the analysis of the MODIS NPP and GPP data is within the range proposed by Landsberg and Waring (Landsberg and Waring 1997) value as well as the average value presented by Amthor (Amthor 2000) of 0.48. Chambers et al. (Chambers et al. 2004 ) report the ratio of autotrophic respiration to gross production from flux tower measurements in the central Amazon of 0.26 based on assumptions about belowground production and flux measurements under stable nighttime air conditions. This converts to a NPP:GPP ratio of 0.74 that is significantly higher than the 0.45 value utilized in our simulations. A constant NPP:GPP is useful for regional modeling to avoid adding unknown errors where considerable spatial variability exists. However, though the average MODIS-derived NPP:GPP ratio values were similar, spatial variance was noted that is likely to have a climatic driver, possibly temperature. Therefore, future model comparisons of 3-PG and MODIS productivity simulations will focus on the environmental constraints of this ratio and model assumption.
Impact of El Niño-induced drought on forest productivity
The El Niño-induced drought has been found to cause substantial variation in Amazonian forest primary production (Asner et al. 2000) and net carbon budget (Tian et al. 1998) NPP is unchanged in the northwest (NW) portion of the basin because of drought, in agreement with the observations of Asner et al. (Asner et al. 2000) , while throughout the central and southeastern regions NPP is severely reduced, often in excess of 70%. This is similar to the recent modeling of El Niño impact by Potter et al. (Potter et al. 2001) , which conclude that NPP is reduced in some areas by 10% to 20%. In contrast, NPP is enhanced in some areas along the southwestern edge of the basin as a result of higher precipitation pattern to the south during El Niño years. In the context of deforestation, the results show that the southern boundary has higher growth rates during El Niño events; thus the potential regeneration is due to favorable El Niño phase climate.
Deforestation patterns are clustered across the region; therefore, climatic impacts and soil properties may have definite affects on reforestation rates as these different spatial patterns overlap with one another. Central forested regions are negatively impacted although differences in soil depth do not tend to exaggerate the El Niño drought effect other than decreasing NPP variability in northern mesic zones (Figure 10b ), confirming other modeling work by Potter et al. (Potter et al. 2001) . Changes in NPP in the central forested areas during El Niño years can have positive feedbacks in terms of increasing mortality, fuel loading, and wildfire occurrence due to litter and duff drying (Hirsch et al. 2004; Baker et al. 2004 ). This hypothesis is consistent with the observation that 90% of accidental forest burning occurs during El Niño events (Cochrane et al. 1999) .
Future directions
Models provide the opportunity to identify knowledge gaps. In this study, we found that soil water availability has a profound influence on long-term biomass accumulation likely to be related to periodic mortality. As 3-PG also estimates other stand characteristics such as stem density and mortality (due to selfthinning), the current calibrated model calibration could also be utilized to estimate natural tree attrition and downed woody debris buildup. Research indicates that El Niño climate in the central Amazon increases fire potential as a function of decreased fuel moisture. Spatial estimates of coarse woody debris could be derived from 3-PG to provide data for fuel loadings for subsequent simulations on fire behavior, frequency, and severity.
In addition to depletion of soil nutrients, deforestation changes site micrometeorology including increased surface temperature, decreased humidity, and increased soil irradiance (Giambelluca et al. 2003) . These factors reduce site water balance and decrease likelihood of woody plant establishment and reforestation. Regional models rarely incorporate microscale factors such as deforestation because the spatial scale of the disturbance may be much less than the simulation unit. In this study, deforested areas were identified from the TRFIC data originally mapped at an 8-km spatial resolution. Selective logging techniques produce gaps in tropical forest canopies of approximately 220 m 2 per tree fall, which, although may not be detectable by moderate-resolution satellite observations, cumulatively affect forests through changes in canopy continuity and energy exchange (Asner et al. 2004) . The 3-PG model was utilized to assess climate impacts on potential regeneration in deforested areas. However, spatial resolution differences between ground disturbance events and observation from satellites make the assessment of true damaged area difficult. This could partially explain the variable significant effects of climate and soil shown in Table 3 . Future research will focus on assumptions about homogeneity in forest condition, soils, and climate for regional tropical forest production modeling.
Conclusions
Predicted NPP and ABA aboveground biomass accumulation after 20 and 100 yr is comparable to observed values derived from literature and MODIS sources. Using spatial inputs into the 3-PG model, we have shown the degree to which simulated forest productivity is controlled by soil moisture. The impact of the severe 1997/98 El Niño on simulated Amazon basin NPP is significant, equivalent to a reduction of almost 10% of total basin NPP relative to an "average" year. The impact of soil depth on simulated productivity indicated differential response between current deforested and forested sites under assumed soil depths of 2 and 5 m. This indicates a background pattern of water limits in which soil characteristics such as soil hydraulics may have a limited role. The results also suggest that secondary forests in the "arc of deforestation" are likely to be the most sensitive in the Amazon basin to moisture stress, although affected positively during El Niño droughts.
